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REFLECTION AND REPROCESSING OF THE RADIATION QF AN X~RAY
SOURCE BY THE ATMOSPHERE OF A NORMAL STAR
IN A BINARY SYSTEM

M. M. Basko,¥ R. A. Syunyayev,*® and L. G, Titarchuk¥*¥ .

I. Intreoduection

Many of the compatt galactic x-ray sources are members of /xR
binary systems whose secondary component is & normal optical
star {1, 21. In a cloé%ﬂsystem,ﬂa significant part of the
radiation of fhe x-ray source is ineident on the optlcal star
surface. As a result, the observed optical phenomena of such:
systems are caused to a significant extent by the reprocessing
of the x-ray radiation into optical radiation in the atmosphere
of the normal component [3 — 63, ‘This problém and the associ-
ated problem of the necessary outflow of matter from the star
surface have recently been intensively discussed in .the literature

(v — 91.

X-ray radiation 1s absorbed upcen the phoﬁoionization of
hydrogen, helium, and the K-electrons in the atdms of the heavy
elements, This process is efféctive:for low energy. x-ray guanta:
its cross section rapidly drops as the frequency increases;@@ﬂkﬁ?ﬁ
Under the normal space énvironment of a weakly ionized plasma,

the Thomson scattering cross section. oy.= 6.65 f%mo-ggrcmg exceeds
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the photoiéonization cross section calculated for the hydrogen
atom already for photons with hv, = 8 keV [10, 111,

The degree of ionization of hydrogen, which appears to be
‘the main supplier of electrons, has practically no effect on the
photoabsorption cross seetion (the main. contribution. to. the total‘
absorption cross.sebtion of quanta-wiﬁh hv > 1 keV is that of the
heavy elements) nor on the cross section for x-ray quanta
2 # 3.7 keV, when the wavelength of a
quantum is less than the Behr orbit radius, the scattering of

scattering. A§ hv > aMeC

hard x-ray radiation by hydrogen and ‘helium atoms is accompanied
by the removal of an e€lectron, since the recoll energy mhu(hv/M C )
exceeds hydrogen iondzation potential {r d'w# . Thereupona the
cross section for scattering by electrons assoc1ated with the
hydrogen atoms does not differ from-'the scattering cross section
of free electrons. Here }ﬁ hieif%: is the fine structure constant,
At the same time, a high degree of ionization of. helium and /4
the,heavy elements C, N, 0, Ne, and so on,>resu1ts in,a decrease
in the total absorption cross section and shifts. the point at
whlch Ghu) Gr in ﬁhe directlon of lower energy quanta hv < 8

keV.

Thus, the fate of x-ray photons incident on. the photosphere
of a normal star depends on their initial energy: in the case
of hv £ § keV, they are abscrbed and their energy 1s reprocessed’
into the energy of soft (and, in particular, optical) radiation;
in the case where hv » 8 keV, a significant part (already 17% in
the case of single scatterlng) of the 1nc1dent photons is
reflected [7].



* A number of compact x-ray sources and, in particulara.both
X-ray pulsars, which are components of doublé star systems —
Her X1 and Cen X3—ﬁpssess ?n anomalously hard radiation spec-
trum kT ~ 30 keV [12]. Therefore, the problem of explaining
the fraction of the reflected energy, namely, the albedo of the
normal component in the hard x-ray regiocon, is of particular
interest. . In the first place, we are interested from the point
of view of the efficiency of the reprocessing of hard x-ray
radiation into optical radiation in the atmosphere of the normal
component of the binary system. And in the second place, the
characteristié%pf the reflected signal itself, especially in the
.case in which the primary directional radiation is not incident
on the Earth, are of interest.

We note that the absorption of. the energy of hard x-ray
radiation is associated both with phetolonization accompanied
by the photon destruction and also with the recoil effect in -
the case of scatteringl§)a»f%%z

dual role here: on the one hand, at each scattering, a part

|-. The recoil effect plays a

of the photon energy is transmitted:to the electron, and after

a number of scatterings f'%§7 ., 2 photon loses a significant
part of its energy; on the othér.hand, a decrease in the photon
energy due to recoil increases {the probability of its photo-\ i -
absorption, which also leads to a decrease 1in the albedo, For
energetic quanta, the recoll effeet plays a fundamental role in
“energy absorption. Thus, for example, the two-dimensional
albedo amounts to 47% for a monochromatic line with hv = 30 keV. /5
Numerical calculations carried out with the neglect of photo-
absorption (cph = 0) have resulted.in an albedo equal to 65%
(see Table I), i.e., the absorption of energy has decreased by
only one-third.



TABLE I¥*

Two-dimensional

Monochromatie line |Two~-dimensional Two-dimensicnal |Spherical Mean
hv (keV) ‘energy albedo |albedo based on| energy albedo energy number of
- A " |number of quantg A for ¢ h=0 albedc (scatterings
p [\ A p - p . N’
I on k
e =l a0, 5 Mo=% 3. fa=l,3 fo =1 po =1
ST ") o . : i el
s - 02 | 0,33 0,27 0,3 0,75 - &7
30 987 | 0,6 0,6 0,73 0,65 - 39
€U 0,45 1| 0,6 0,7, 0,8 0,8 - 45
Continuous spec-
trum with kTX (keV)
Is 52 | oz - 0,73 0,26 -
o ~ - - 0,66 0,30 ! -
_ 30 - . 3,50 -'),.55'_2- © D;... !
— N

¥[Translator's Note: Commas in numbers indicate decimal points. ]



In the third part of this article, values of the two-
dimensional and spherical albedo {(Table 1) are derived by
means of a numerical solution of the transfer equations for
" x-ray radlation.in a plane-parallel atmosphere (worked out in
the second part and taking account of scattering and photo-
absorption processes). The problem of short-period pulses of
reflected x-ray radiation (Section IV, d) and optical radiation
arising from the reprocessing as absorbed X-ray flux CIV,‘e)q

is investigated.

The fifth part is deveted.to astrophysical applications.
The fractlon of the energy of the x-ray flux from the source
Her X1 which has been reprocessed into optical radiation of
the Viéible component of the system HZ Her 1s estimated, It
is shown that soft x-ray radiation with hv < 1 keV, which has
been assumed in a number of papers [13, 8] to explain the
optical variability of HZ Her, cannot glive the observed optical
characteristics of HZ Her. Only the reprocessing of the hard

x-ray radiation of Her X1 can give the properties.

Up to 30% of the hard (hv -~ 15 — 30 keV) x-ray radiation
incident on the surface of HZ Her should be reflected by it.
As a result, the hard x-ray radiation of the system Her X1 = HZ
Her should be observed on Earth {(at a level -~ 10% of the A
maximum flux) and during those. 24 déys of the 36 in.which the
strongly directional soft (hv < 10 keV) x-ray radiation is not
incident on the Earth (see. Section V, a). This effect — the
reflection of hard x-ray radiatien by the surface of the normal
component — opens up the possibility of a search for x-ray
pulsars into whose directional diagram the Earth dees not fall.¥*

¥In the opposite case, the reflection effects cause an
insignificant osclllation in the primary x-ray brightness curve.



The x-ray brightneés curve of such binary systems is shown in
Figure 1. It is éimilar to that observed for the x-ray source /6
Cyg X3 in the case of an orbital inclination of i -~ 10° — 15°

(see Section 5b).

The spéctrum of the reflected.x-ray radiation.is shown in
_Figure 2. It has a characteristic maximum at hv ~ 15 — 20 keV
A result of.thls is the possibility of the existence of a popu-

" . lation of x-ray sources which appear only in the hard x-ray

region and are practically unobservable in the standard region
of hv ~ 2 — 6 keV. On the other hand, as#"has been shown in
Section:lUb, under certain conditions the surface of the normal
star can effectively reflect x—ray radiation in €he hv ~ 3 — 10
keV region. Discontinuities should'appear in the spectrum of the
.reflected radlation corresponding to the boundaries of the K-
series absorption of atoms of the heavy elements Fe, S, and Ar.
;The most 1mportant distinctive feature of the spectrum is a
'strong<em1331on of the K -line of iron. The reflected Padlatlon
is characterized by its. notlceable linear polarization (the
natural consequence of Thomson scattering) whose degree depends

orn the observation phase and the orbital inclination i.

IT. Eguations of Transfer in a. Plane-Parallel Atmosphere

a. Statement of the Problem

The absorption and scattering of hard x-ray radiation hv 2
.10 keV incident. on the surflace of the normal component takes

™
N .
l,"

place primarily in the photospheric layers (see the results [of]

the calculations in [7]), where T % 2 ° 0"% x.  Tuis alioﬁf}

1. the star atmosphere to be assumed plane-parallel at

each point, since the thickness of an exponential atmosphere

_ . _— 1

e R
Wz-%ﬁg{ w R u_-the star radlus\ i
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Figure 1. Integrated (for different orbital inclinations i) and
spectral curves of the x-ray brightness of . the HZ Her 'system 1n
reflected light. The temperature of the primary x-ray.radiation
i1s kT, = 30 keV. The mean observed curve of the x-ray brightness

of the source Cyg X3 is shown for comparison in Figure la as a
function of the phase of the 4,8=hour cycle.[28].
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Figure 2. Spectrum of the x-ray radiation reflected from a semi-
infinite plane-parallel atmosphere. The primary flux. with a
spectral dependence of the form (23) with kTX = 15 and 30 keV

is incident alcong the normal to the surface. The s0lid line
depicts the spectrum of the radiation reflected normally to the
atmosphere surface, and the dashed line indicates that reflected
at an angle of 90° to the normal. ' The horigontal dashed lines
correspond to a signal reflected from the external high tempera-
ture scattering layer of different optical [Continued on page 9]



[Figure 2, continued] thickness for Thomson scattering te. The
dot-dashed line depicts an example spectrum of the reflected
radiation when such a layer is present. The normalization of the
curve is explained in section III, Detalls of the spectrum are
taken intoc consideration in the curve shown as a thin line.

2. the complete neglect of lonizatlon of K-electrons of
the heavy elements and the use of the results of the calculation
cited in [14, 111 for the photoabsorption cross sectlon; and

3. the electrons to be considered at rest for Compton

scattering of x-ray quanta, since KTe « h2(hy/mec?)

X-ray radiation in the 2 keV < hv S BO.keV, in which one
can assume with sufficient accuracy that'x=£§;«!1 s the scat-
tering cross section to be the Thomson cross sectlon, and the
scattefing indicatrix to be i1sotropic, is of practicai interest

in the problem being discussed.

Below are given the basic equations on the basis of which
the numerical calculations were carried out. We will introduce
a system of coordinates OXYZ, whose 0Z axis is pointed in the
direction of decreasing density perpendicular to the‘star
surface. A flux of external radiation H(v) (Qrgs/cm2 sec Hz)
is incident on. the atmosphere in the (0XZ plane at an angle of
fﬁﬂnuﬁ£WtO theAOZ axis. As indépendent variables, we will use
in what follows the optical thickness for Thomson scattering
‘?esﬂg%hwﬁé the'aZimuthalAaqgle o (measured in the OKY.plane
from the”OX axis), and'}73h531(where#JiiS'the polar angle
measured from the 02 axis). We adopt for the photoabsorption

cross gection of x-ray quanta of frequency v
630 Gr 2 Gpnid) = Grlle (/9)%]) L ()

where hve = 8 keV. The chemical. environment is assumed to be
normal, Then the probabllity of the "survival" of a quantum at

9
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each absorption event is

Riiy s Oe e = i e/ - (2)

b. Equation of Transfer
The equatlon of transfer of x-ray radiatlon in the approxi-

mation of isotropic scatftering by electrons at rest, taking into

account phbh@abéonptiomtand the recoil effect, has the form:

R 10 ) - Jf’r’f,v?p “"-T’f“ P

‘,!’T :, %": H(U)(’XIDL ?'/?lall ()')] (.3)
where{I?JJQPJUSiS the intensity of the x-ray radiation, and
A w/[}:h(hﬁ/nnczjtt—cb$XJJ; | : W
cosy = f‘;"‘ : ffT/u*m '?r""ﬂ cos (p- w} ' (5
. ' v; B }} (}f])/}’ﬂecl‘l(jfco\xo)j . } ' (A6).
N e W
. _ Wennotetthatiit follows from Equations (4) and (6) that /8
}§f=(j) and\ 0” (%)j . Introdu01ng the source funetion
S(ﬂ T V ):1}}?‘7-]‘-)“}(9'? “o)dp ¢ 1 ’)'H(-‘J)f\’]’ff)" Aia?}] (8) ‘
Sostpps I IOT Y g .

and solving Equation (3) with the boundary condition- lfﬂﬁﬂfﬁcal
we derive an integral equation for H;“'?f‘fﬂ

EEIS-O,?'-\,#,?) LI 1 f“ﬁ“”’f‘ ] Stz p s+ 1
f o Ju T -t i x fo
{i‘*:{»’i?zj | irw S ("J}b{ﬂfﬁ }”ij-" ““"’*Pf/“ R

10



c. Afssumed Approximation

In the frequency region of interest to us, one can, with
sufficient accuracy, assume x MWnc«fj It 15 evident from Equation
(9) that ’@Q“W1 depends ‘on~ @ . and u only through v! and vi if
the rlght -hand side of this equatlon changes Weakly }n the " v Ty

. ‘Mec? -

frequeney 1nterval 69 %,v“"” A)whlch corresponds to an averagel}
frequency shift of a quantum in the case of single scattering, ;

that is, in the case where

(10}

then the source function igﬁﬂﬁﬁfﬂ also: depends weakly on y and
@ by virtue of the continuoﬁsndependehce of the solution of the
integral equation (9) on the right-hand side. - This permlts the
use in finding the 1nten31ty3(?47ﬂ:c[w1th sufficient accuracy

of source functlons averaged over the anglesisir»~r~!r\“ﬂﬂﬂ
and'éfwTL.fvl“]¢% equations for which to an accuracy of terms
of the second order in x are derived from Equation (9) by the
substltution v-{ﬁt XUjWJﬂ for 83 (approximation III) and by the
substitution of - vhd/qa“}ifor Sz\(approx1mat;9gmg§14_4;? the\

numerical calculations, approximation.II was used as the main
one, the integral equatlcn for which Has the form

‘ f
grder n. Approx1matlon I (the crudest one) dlffers from approx1~

mation II in that in Equation (11), the value of (b@é}k at ! \ —I
‘nlS removed from under the integral. We note that [E(M-ﬂnnanl at
=g, ana\, Jetod- /\\

fn\’". T*u;‘-’_T,;J.’ e 3 51('{5—; ;f‘df + 7
! | . 1
S R o)
whereifnx}ljrafrjfﬂﬁl is the integral exponential function of- /9

Il

Thus, in . approximation I, we have

11
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*Qﬁ-nféw L , ’-lef_ Z'f"o L_ﬁ e J} (—12)

Approximation IITI is not the next-most accurabée 'in comparison
with IT.asw»dn approximation to the angular dependence, since
the dependence of'Sﬁﬁﬂmﬁl on @ 1s not so significant as its
dependence on b, However, one can assess the degree of agree-
ment of approximation III and II by the error which we allow

using approximation IT.

The intensity of the reflected flux calculatéd’according
to approxlmation IT is illustrated by a solid line and that
calculated according to approximation I 1s illustrated by a'
dotted line in Figures 3 and 4, and the intensity calculated
accordlng to approximation III is 1lluszstrated by a dashed
line in Figure 4. Plots are given in Figure 4 for the x- ray
radiation fluxes incident and reflected from a plane- parallel
atmosphere for the case of U = Uy = 1, when the incident flux
is concentrated in a spectral interval less than Av = vx near
hv = 30 keV. Condition (10) is violated, and the large dis-
crepancy in approximations IIT and II indicate their inappli-
cabllity for determining the intensity. of the x-ray Fflux '
emergent after several former scatterings. At the. same time,
the values of the albedo (which is-an integral ¢haracteristic
of the problem) derived in these two‘approkimations are
practically identical. The presence of a narrow peak shifted
by 2Av in frequency is easily explained by the fact that in
order for x—ray'quanta to emerge, it 1s necessary to get
"unfolded" by 180°. For spectrally wide radiation of the form
(23), when the condition (10) is fulfilled with sufficient
accuracy, the spectral differences between approximations IIT
and IT do not exceed 3%, which completely confirms the applica~
tion of Equation (11) to the problem under discussion. We note

12
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Figure 3. Spectrum of the reflected flux in the case of normal incldence on a plane-
parallel atmosphere of a monochromatic line with hv = 15 and 30 keV. In the upper
left-hand corner, the graph represents,=in polar coordlnates, the directionality of
The reflected radiation for two values of the energy of reflected quanta for an incl-
dent line with hv = 30 keV., The very same quantitles are illustrated in the lower
right-hand corner in the usual ccordinates for an incident line with hv = 30 keV.
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that Eqﬁations {10) and (3i2) are actually not integral equations

~.

2

but recurrence relations.

The. energy two-dimensional albedo‘Ab, the albedo based on
the number of quanta Apn’ and the average number of scatterings
~of incident x-ray gquanta N prior to absorption or exit from the

scattering zone have been determined from the following equations:

3 - Jd‘x Jf‘{i‘:’f_’j{‘: ’ (13)
Ap = T, T e dx | _

. g et L BT

e Tl [l mde ] | o

A,,.. g LR | (14)
) e Tt o dx M.S (X Z)d>
- v S eode [ S Tde
R e ST J (15)

The quantity N is the ratio of the total number.of scatterings
in a vertical column {of unit cross seetion) of the atmosphére

to the flux of 1neident guanta.

d.. Dependence of the Two-Dimensional Energy Albedo on
the Energy of the Quanta

Let a monochromatic flux of. hard quanta be normally incident
on a semi-infinite atmosphere. We will discuss two different

limiting cases corresponding to ‘low and high freguencies:

1) the scattering ‘Is\ isotropiec and monochromatic, the
role of photoabsorption is 51gn1f1cant "and the role off the r.u
recoll effects 1s minor: Aw:n‘»fﬁl ,h % 5 'and

2) the scattering occurs by electrons at rest, the role
of photoabsorption is negligibly5small,‘l(u) = 1, and the exact
relatlvistic equations are used for the scattering cross section

and the recoll effect.
15
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FPigure 5. Dependence of the energy albedo of a plane-parallel
semi-infinite atmosphere on the energy of the x-ray quanta
incident along the normal to the surface.

Ap(v)— photoabsorption and the reco;l.effect,takénfimtéqumfm?,f
account; Apl(v)-«only photoabsorption.taken into acdount; '

A g(vl- only the recoil effects taken into account (example
form); p {(v)~ upper estimate {see Sectlon ITh) for A (v)

v(x)- average energy tuﬁunlts of meC ) after scatterlng of the
guanta with the initial energy; the results of the numerlcal
calculations are denoted by small x,

Case 1) gives a good description of the reflection of x-ray
radiation. from an atmosphere with a normal chemical.composition
in the case of hv £ 8 keV. This case has been investigated in
detail {15, 16], and a plot of the corresponding albedo Apl(x),
where x = hv/mecg, is given in Figure 5. Case 2) corresponds
to the reflection of high -frequency radiation (hv » 8 keV) from
5 semi~infinite medium. An example form Qf the twﬁ—dimensional
albedo A ,(x) in this case is also given in Figure 5. It is
clear that the actual value of the albedo of a monochromatic
1line Aﬁ{x) should satisfy the.ineQualities‘ﬂ;w;;ﬁFdx? and’ - - /11
R ) < Apa ) f(see Figure 5))\ It follows from this that, at a

16



certain frequency x = x¥*, the quantity Ap(x) reaches its maximumi
value A;'= Ap(x*) < 1. Numerical calculatlons (see Table %) and
the estimates cited below show that the energy hv%‘é_x*mec =

50 keV, and AE % 50%.

Estimates of Apg(x). The differential scattering cross
section of a photon by an electron at rest [17] has the form

ds{x,w:%w

where arc cosiilis the Scattering angle and

p .
& f‘é& - }d“ﬂb}

- - 2
) 1 i . A ff’ i‘
f(k 5} = . d;?afaylsrj o { (16)

—— - ‘F -

The average energy (1n unlts of T C ) of the photons after the
first scatterlng is -

‘ f r 3 e {- '
52 - wx ;)efr/ R3] L uof.(x; u (17)
< { %’ns)d>‘ *Y - B
B TReAyg o 2 aha
53 [ }5{%5;}4}; EICIE (;:{:1 o -)&%(MZE,M e +:‘H::f”) . (18)
. ‘5‘ -'t ) - . - — — im m e . — -
R T T P A T L3 A 7 8
i) ;M£}§§“¢ + Efif';. 3&5?';‘;};;‘ \ , (19)

Since the energy of the photons upon succeeding scatterings can

only decrease, then. .

A a:x) 3 3{(2}/ -7 ﬁ’“’w} ,p(—ii | (20)

It follows Trom this estimate that Apgtx) + 0 and x =+ » and has
the form given in Figure 5. Taking the.frequency shift at the
second scattering into account permits deriving a more accurate

estimate for the gquantity Apg(x):
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A S RS ) wk%mv
f—q&f:a \X) < Ars{’()" iy x}iif?{ . X(I““i _t.}V(X, (21)
where
; _‘ . . IR Lo +§1H p _
&'{“ 'L "‘*2 ;:'—__’ ;.'—" &1'15: i.f“f‘xm EE.._— &"3'$ (22) .

8 plot of the function Apstx) is given in Figure 5,

ILT, Results .of NUmericalfCalcu1ations

a. Reflection from a Plane-Parallel Atmosphere

The results of numerical calculations are given 1n Table I
and deplcted in:the figures. Plots are given in Figure 3 of the

~
=
N>

intensity of the fluxes of x-ray radiation incident at an angle

iﬁ-ahcmvu‘O and reflected from a plané-parallel semi-infinite

|

atmosphere at an angle of Jfﬂﬁﬁyio‘ for the case in whieh the
incident flux 1s. concentrated in a narrow spectral interval near
hv, = 15 keV and hv, = 30 keV. We note that the width of this
spectral interval is resfricted from below by the condition

(10) of the applicability of the approximations used.

Transfer equations are linear with respeect to the intensity
H{v) (dimensions of ergs/cm2 sec Hz).. The adopted normalization
of the radlatlon Intensity is such that a spectral energy flux
}meﬂ ﬂ is 1n01dent on a cross section of unit area. If the
surface of the semi-infinite atmosphere were to reflect thls\
‘entlre flux without a change 1n frequency and isetropically in
" all directions, the reflected radiation would have an. intensity
of unity. The fraction of the reflected energy (the two-
dimensional energy albedo),‘the_fraction of ‘the reflected number
of quanta, and the average number of scatterings for an incldent
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flux with frequencies of hv. = 15, 30, and 60 keV are given in
Table I, As the photon energy increases, the accuracy of the
non-relativistic approximation drops; therefore, the actual
values of the albedo for hv = 60 keV may differssomewhat from
the values cited in Table I. k

As the frequency increases, the role of photoabsorption
decreases, but the Compton.energjflosses associated with the
recoll effects increase. Therefore, as the frequency increases,
the moncehromatic line albedonAp(v) for wi<TU* increases, reaches
a maximum value A; > 0.5 at hv¥ . 50 keV, and decreases to zero
for v¥ < v + ®» (gsee Figure 5 and Section IId). Thus, due to the

recoil effect in the case of Compton scatterings,,no less than
.one—half of the energy of the x-ray - -flux incident normally on
the surface of the optical star,is absorbed and goes inte heating

up the atmosphere.

In the. upper left-hand corner of Figure 3, a plot is given
for the intensity of the emergent radiation as a function of
the angle of emergence J}(in{polar.coordinates) for two values
of the energy, for the éése,iﬁ.which a monochromatic line hv = = /13
15 keV is incident. In the lewer right-hand corner, the same
plot [in the usual coordinates }9(Jllj'i§.given for an incident
line with hu-=‘30 keV. We recall that &h element .of the surface
with area dS reflects a flux of energy per unit solid angle of
jdéhﬁ=lﬁﬁkﬁiﬁL ‘The:harder quanta — which have experlenced one
;rktwo scatterings — emerge mainly at-angles close to /2,
whereas thé.sOﬁter guanta, which -have experienced more scatter-

ings, emerge mainly at small angles to the normal.

The spectrum of the refliected radiation for the case in
which an x-ray flux with a.spéctral dependence

ﬁ(J)Qf?;;P?;A;/“T;j (23]
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with kT = 15 and 30 keV is incident'normallyft‘ﬁ=d ) on a
plane-parallel atmosphere is given in Figure 2. The spectrum

of the radiation emergent at an angle of.f=ﬂ,is i¥lustrated by
the solid line, and that incident at an angle @@WQZEEAEE;gg%g"j
frated by a dashed 1line. The corresponding values of the two-
dimensional albedo are given in the lower part of Table I.

b... Reflection of X-Ray Radiation by the Surface of the
Normal Component in a Binary System '

It has been assumed in the numerical calculations that the
normal component is a sphere of radius R = 0.42 * A, where A =
6 ° 1011 cm 1s the distance between the centers of the compg=y -E
wrentsj(an analysis of the observational data for the system HZ
Her results in such relations [6, 18, 7]). It has also been
assumed that the x-ray source is a point and illuminates the
entire portion of the nermal star.surface vigible fromAit Wiﬁh

;.

x-ray radiation having a spectrum of the form}ﬂ(ﬂz;“8q5&£%ﬁgﬂﬁ
The x-ray brightness curves\(the dependence of the radiation

flux on observation phasew.ﬁsﬁiix s wherejﬁaq) corresponds to

the middle of the x-ray eclipse) of the system HZ Her in

reflected light are given in Figure 1b [the spectral Q(v) for

quanta with hvv= 10, 20, and 30 keV]|and in the upper part of

Figure la [the integral J = fQ(v)dv]. The temperature of the

x-ray radiation of Her X1 has. been assumed to be equal to kTx =

30 keV, The integral brightness curve of the system is normal-

ized to the primary flux of energy from Her X1 per unit solid /1Y

angle LX/Hﬁ, and the spectral Q(v) have been normalized to the
spectral flux of the primary x-ray radiation per unit solid angle
at h v «:KTX. The x-ray brightness of the system in reflected
1ight has been determined as the flux of the reflected radiation
per unit solid angle in the direction of the observer from the
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entire visible part of the normal component. Also integral
x~ray brightness curves of HZ Her in refleeted light are given
- for comparisen in Figure la for 1 = 0° and 1 = 15° along with
the x-ray brightness curve of the source Cyg X3 (bélow).

In order to find the flux'of reflected radiation at the
Earth, 1t 1s sufficient to divide the value given in the figures
by the square of the distance to: the source T and take into
consideration the normalization: fU' A3, T 4$;&‘ ;(ergs/cm2
sec Hz), /s-.rf(ﬁJﬂ J(L¢)Lhﬁrzﬁ (ergs/cm2-sec) -)0n a change
in ‘the system parameters, the functions ‘ngﬁ and 5RLQI‘ depend
only on the ratio R/A [in the limit R/A < 1, they are ﬁroportional
to (R/A)°]. 1In the case in which the normal star fills its
Roche lobe, the ratio R/A depends weakly on the mass equatlon

of the components M /M .

The spectrum of the'reﬂlected radiation is pfactically the
same as.that_given in Figure 2. The_maximﬁm of. . the reflected
flux occurs at hv = 20 keV. A characteristic peculiarity of
the curves glven is the significant width of the eclipses in
reflected,light, exceeding by approximately a factor of three
the width of. the eclipses in the direct x-ray radiation of
Her X1. The brightness curves in reflected x-ray radiation
for kT = 15 keV have an analogous form,

IV, Effects Aécompanying X-Ray Radiation Reflection -

a. Spectral Peculiarities of the Reflected Signal

When v = Vg, an overwbelming portion of the emergent quanta
experience only a single'scattering,-and the spectrum of the

reflected radiation is completely determined in thils case by the
dependence of the photoabsorption cross section cpkﬁv) on the
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frequency. Because of this fact, there should appear in the
reflected radiation spectrum abserption discontinulties corres- /15
ponding to the boundaries of the K-series of the more abundant
heavy elements 0, Ne, S, Fe, etc. The  average spectral index
when v « v, is equal to a = 3, 1.e., thé average spectrum of

the reflected radiation in the case of the declining form of
Lquation (23) 1s similar to a Wien speetrum. The computed spec~
trﬁm is given in Figure 2, and absoerption discontinuities‘correé—
pohnding to sulfur and ivon are displayéd. The discontinuity
corresponding to iron at hv = 7.2 keV -is especially interesting,
since 1t liles in the region of the spectrum in which the
reflected radiation intensity is high. The ionizatipn Cross

‘: - - o .’Lj
sectlon at the threshold was taken equal to Ope = .6 10 gg_cmz
in the estimates- of the discontinuity magnltude, and the

- abundance of iron was assumed to be [Fe]/[H] = 10 5. It is

difficult to caclulate for observation of a large number of the
Ku-lines of the heavy elements,. since for atoms with a relatively
small nuclear charge Z (oxygen, neon, sulfur, and others), the
probability of the Auger effect alter the photo-removal of a
K-electron significantly exceeds the probability of radiative
decay and the emission of azKa—‘quantum. Tﬁe fluorescence
‘probability W, increases in proportion to Z . Only the Ka-line
of weakly ionized iron hv.= 6.5 keV cah appear intensely. For
iron @, = 0. 34 [18al], 1.e., 34% of the hard x-ray quanta absorbed
upon the photoionization of iron should be reprocessed into K -
quanta of 1ron. About one-half of them emerge from the photo-
sphere without being absorbed. The natural iine width is small,

. hav = 10 eV, It should be somewhat widened on the low frequency
side, since part of the emergent guanta have experienced scat-
terlng and have lessened their frequency due to the recoil effect.
The intensity of the Kafline of iron in the reflected radiation
depends (just as does the absorption discontinuity) only on the
iron abundance in the star photosphere. With the abundance value
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adopted above, the intensity of this line is so greater that in
narrow spectral integral hAv £ 100 eV, Av/vs~ 1/60, its inten-
sity should exceed the intenSity:of:the primary signal in the

same spectral integral. (This estimate takes into account the
system geometry.) Consequently, this line may be detected in
bright X=-ray sources whiech are components of“c1ose.binary paiﬁs,filg
and its intensity should contain informatien about the iron abun-
dance in the photospheres of normal stars.-'In particular,
observation of the Ka-emission of ‘iron in the spectrum of Sco X1
could serve agas an additional eriterion for its @@ﬁgicity, the
possibility of which 1s being discussed in the literature [22, 7].
We note that the intensity of this line should depend on the

orbital inclination angle i.

b. . High Temperature Scattering Layer above the Star
Surface and Its Role in the X-Ray Radiation Reflection

The interaction of x-ray radiation with the hormal star
atmosphere induces a stellar wind, that is, it results in an
effective evaporation and outflow&éfﬁﬁé@ééié},fféﬁwiﬁﬁféﬁf%u :
face [7, 9] (see Figure 6). The outflowing gas located in a
field of hard radiation is heated up to high témperatures.. The
“high degree. of lonization of the elements determining the
photoabsorption of x-ray photons results in a decrease in\ﬂﬁﬁ‘
role of photoabsorption processes in comparison with ThHomson
scattering. The optical thickness (for Thomson scattering)'of
this high temperature sc¢attering 1ayer lying above the star |
surface may be significant, 0 < t £ 1, Numerical calculatioﬁ
[ 7] has shown that, in the specific case of the HZ Her = Her X1
system, it amounts to 1o = 0.05 (but it may be larger in other
cases). 0Oxygen, carbon, helium, and hydrogen are completely
ionized in this layer. The ratio of the concentration of OVITI.:
2 —1073. The optical thick-
ness of the high temperature zone for photoabsorption appears

afidi0IX:1ons amounts to only 10~
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Figure 6. Binary system with x-ray pulsar and ionized refleCting
layer arising upon the evaporation off material frem the surface
of the normal component.

to be small.for all guanta with hv 2 2 keV. The supplementary -
contribution produced by this. layer to the reflection of x—ray.
- radlation results in a significant increase in the reflected
flux in the hv ~ 2 — 10 keV region. '

The effect of an external layer with opticai thickness Tg, .

in which pure scattering (the recoil effect can be neglected
<

when hv £ 8 keV) occurs, can easily be taken into account using /17

the well-known solution in planetary physics of the problem of
the refléction of 1ight by an atmosphere of finite thickriess for
a known albedo of the planet surface [16] (below, we will assume
the surface albedo to be zero). It is possible to use, with
sufficient accuracy, the approximate equations for the'plane—

parallel and spherical albedos:
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As a result, the spectrum of reflected x-ray radiation in the

hv ~ 2 — 20 keV region may be flat and have the form illustrated
by the dot-dashed line in Figure 2, The horizontal dashed lines
on this same figure indicate the value of- the reflected radiation
intensity obtained in the 1limit v » 0 in the presence of an '
external seattering layer in the plane-parallel atmosphere with

a different opticai thickness 1T = To. -The characteristic value
of the frequency vy at which oph(vu)To/or ~ 1 and. the spectrum
begins'to be flat (the low frequency boundary of the spectrum)

is determined by the degree of ionization of the heavy elements.
This_boundary may be variable and change in correspondence to
variations. in the intensity of the primary x-ray radiation or

in the rate of acretion onto the compact components,
C. Polarization of the Refleeted Radiatdon

Unpolarized radiation after scattering by electrons is
linearly polarized, and the degree of polarization is ELLJmsﬁﬂ R
where v is the scattering angle., Therefore, x-ray radiation
reflected by the surface of the normal star should be linearly
polarized, The reflected radiation with hv $ 8 keV has experi-
enced only a .single scattering. The polarization of the emer-
gent radiation in this case is easily estimated (the calculations
for a plane-parallel atmosphere are cited in [26]). Due to
the symmetry of the star surface at a phase of ;ﬂ= 0.5, polari-
zation of the reflected slgnal is absent. As the phase changes,
the degree of polarization of the reflected signal rapidly
increases, attaihing a maximum of ﬁlﬁ&ﬁﬁa at Sgii?VDJES and - /18
3“}:; 0.75. The degree of polarization decreases for quanta
with hv > 8 keV, since an appreciable contribution to thé
intensity of reflected radiation is made by quanta whieh have
undergone several scatterings and, consequently, afe'weakly

polarized. If the primary signal was polarized, then reflection
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regidtssin a noticeable depelarization and a change iIn the type
of polarization. This effect is easily taken into account in
each specifle case. in the approximation of a single scattering.
Measurements of the linear polarizatien-and its dependence on
the observation phase can facilitate extraction of the reflected
signal against the background of the primary signal.

d. Short Period Pulses of Reflected X-Ray Radiation

Pulsed x-ray radiation (with a period p of the order of
several seconds) is incident.on the surface of the normal compon-
ent in the Her X1 = HZ Her system and:in the binary system
containing the x-ray source Cen X3. The'pulses should be washed
out on reflection. Their amplitude in the reflected x-ray
radiation depends on two factors (below the star is assumed to
be a sphere of radius R, and A is the size of the binary system):

1. the finite "wandering" time of  x-ray quanta in the

normal component.atmosphere, td; and

2. the finite and the dimensions of the reflecting sunface
which are finite and comparable to pe: the reflected signal from
various sections of this surface arrives\at thé observer at
different phases of the x-ray pulses. Let us estimate the time
td‘
can be assumed with sufficilent accuracy to be exponentlal, Ne(z) =
N_ . exp (-z/H),. where H = (kTéR2)j(mpGM) ig the thickness of a

el
uniferm atmosphere. We have‘H ~-108 em for a star with the

The density distribution in the normal component atmosphere

parameters offHZmng, Introducing the Thomson scattering optical
thickness T=ghﬂfﬂﬁdﬂ s We find.‘Mfﬂ=ﬁ&ﬂ‘. The number of
scatterings ﬁl(v) dccurring, on.the average, for each outward-
bound photon is significantly less than N(v), which is eited in /1

Table I and calculated per each incident photon., We note that
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17% of the quanta emerge already after the first scattering,

and quanta which have undergone many scatterings.find themselves
at great depths, loséy energy. as a result of the recoil effect,

and are absorbed in the majority of  cases. The stay‘time of an

outward-bound photon in the atmosphere is

' Clam <!},'Ewi/csrdf,(f)c = AZ(J}H/f—c

Here T 2 1 is the optical depth at which the majority of the
scatterings take place. Most Ilkely ?=is_only a few times |
smaller than‘ﬁl(vj, and td(v) <. 10(H/C) = 0.03 sec < 1,24 gsec.
Thus, the delay time of the refleeted x-ray photons on the normal
star atmosphere is‘small, and- the reflected flux pulse amplitude
is determined by the finife dimensions of the reflecting surface,.
D et , |

It is not difficult to estimate the reflected X-ray flux
pulse amplitude for an orbital inclination i1 = 90° at an obser-
vation phase 3i= 0.5 (the maximum X=ray-brightnecss in reflected
light) in themlimiting case of pulses infinitely narrow in time

and isotropically emitted by a point source as
L0 - W8 =br<ti> p oo SCExpr| . (@W)

Here p 1s the pulse period, and <] 1s the. luminosity of the
primary x-ray source'per unit solid angle aveﬁaged over the pulse
period., With such & form for the. pulses, the observer will see

a system of dispersing concentrie“bright'rings on the normal

star surface. The x-ray emission. of each of these rings in the
obServer'$ directlon rapidly falls off with their distance from
the centef — The point on the star surface nearest to the

source of primary radiation (see .Figure 7), and it is easily
estimated. Therefore, the variability of the reflected.signalsiig
asgoclated mainly with the rapid intermittent formatibn.@f a new
ring and the slow decay of its. intensity up to the instant of

27



T

+
[

Figure 7. Pulses of the reflected X-ray signal in the systemnm
HZ Her. A plot of the luminesity of each ring-shaped bBand
(see Section IVd)}, is given in. the lower part of the flgure,_
and the total flux from all bands to the observer is given in
the upper part of the figure, The solid line corresponds to
infinitely narrow pulses of the primary radiatien (24), and
the dashed curve corresponds. ‘to wrectangular pulses with a
duration of Ap = p/3. Such pulses should be observed in the
case of a knife-edged directienality diagram.. The dependence
of the amplitude of the pulses of reflected x-ray flux.(solid
line) and optical pulses (dashed line) on the orbital phase
is 11llustrated in the upper right-hand corner of the figure.

the next ring's origin. The tiotal radiation of the remaining
(HAJA&R‘—LMRFLEPAPQQ.S in the case of HZ Her) rings provides /20

- a slowly varyilng background: Assuming the delay time of quanta

in the atmosphere to be t 0, it is easy to find the size of

d=
28



the discontinuity in the intensity of the reflected signal Cper
unit solid angle) upon the formation of a new ring, namely

Tll— - <afx R;,' '
Lea .ayuu vl Iy I IR | (25)

where A= R/CP] and f”f‘f’) Jro, T:f’f")‘f”/ o\ is the reflection coeffi-
cient of a plane- parallel atmosphere (the x-ray flux reflected
at an angle arc cos p when the flux ineident externally at an
angle of arc cos W.is equal to ﬂnu) C o The determination of
[Iu.afum hs glven at the start of Section III, and the values of
ﬁI(qnq_are given in Figure 2. The time-average intensity of the

reflected signals (the mean sum for all the rings} is equal to

Lo 2t ff(/“ 1) gt /| ; (26)

where - Z=(4ﬁfR”Wf°R'1‘@“1 . The relative amplltude\ﬁ( ih
falls off 1nvereely proporticnally to‘A,RkP} as the frequency of 7

the primary X-ray radiation pulses increases. - This quantlty

amounts to . ﬁ\~'o 3 for tne “HZ Her System when.A = 6 The\
amplitude of the reflected signal pulses is a mlnlmum at the
phase;iw = 0.5, i.e., at other phases Pgﬁ 0.3 \This amplltudé S
depends on the shapecyfthe primary pulse, decrea81ng as its width
increases. Using the solution derived for an incident signal

of the form (24), it is possible in principle to derive by simple
integration a solution for an arbitrary. shape of the primary
radiation pulses. - In particular, one can show for rectangular
pulses of duration Ap that the answer is close toﬁﬁ(ﬁﬂ 4% >
Obgervations of the pulsar Her X1 gilve, ap~ Pﬁ [E; and the pulse\
amplitude Mm ﬁmkl/ij&lshould be only 20% of the value of the

reflected signal.

29



The shape of the reflected pulses is illustrated in Figure
7 for the case where Ap ~ p/3 and the pulsar diagram is knife-
shaped. It would appear, in this case (also in the case of a
pencil diagram), that the observer should see .how.the pulsaru /21
" light waves run around the star hemisphere from one edge to the ‘
other. Actually, AQ%»I »-and, -just as in the problem discussed

above, the observer should see*bright‘concentric,ring-shaped

" bands dispersing over the star surface from a specifile point .
{this point is close to the inner Lagrange point at an observa-
tion phase 3% =0.5 when ﬁ > i). The total path from the source
to this point and fromfit to the observer 1s smaller than for

any other point of the star surface.
e. ' Short Perlod Pulses of the Optiéal Radiation

The solution expounded .above for the problem of the amplitude
~of reflected x-ray signal pulses can be applied to an analysis,
of the problem of the‘origin of the optiecal radiation pulses of
HZ Her [19]. It was pointed out earlier in [7] that emission
lines accompanying a high temperaturé.gas are emitted from an
optically thin region and are a rapid response to*k—ray pulses.
The radiation received in linejshould. pulse, but. the amplitude

of the pulses should be egual to 10 F— 20%, just as the ampli-
tude of the reflected .x-ray radiatioen, . The lines provide a

small part of the intensity of the star optical radiation;‘ 
therefore, the‘amplipude of the optical pulses is small (O-if~¥
0.2%). The dependence of this amplitude on observation phase

is given in Figure 7. The exit time of optical radiation created
in‘the atmosphere after the reprocessing of the pulse emissions
is large, td » 1.24 sec, for a major fraction of the optical
radiation, as has been shown in [7]; therefore, it is possible
that emission lines produciﬁg a negligible contributiori to the
total optical luminosity are the determining factor of the
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optical pulses. Observations are poséible,min principle, of the
rapid variability in the optical emisslon-lines of the -bright
~optical objects which are the companions of -the sources. Cyg X1,
201700 — 37, and EUQEOO -~ ho. Frregular variability. of the

x-ray radiation has been detegted"iHVthese sources. with charac-
teristic times . ranging from 0.1 Sec to 10 minutes. The intensity

of the emission lines (He II highly ionized heavy elements, and /22
also\phe\Eélg@§}lines) produced ‘in the hot superphotospheric
zone':heated by x-ray radiation should . vary 1n agreement with the
temporal variations of the x-ray flux. Sinee the intensity of

the lines depends strongly in a complicated manner on the plasma
temperature, different‘types ef* correlation are vpossible. The
thermal relaxation time in an optically thin zone is short, and

the amplitude of Variation.of.the radiation-in the. emission lines
depends basically on the parameter A = R/ecp. In the best cases

in which the characteristic x-ray variation time is large p ~

K/C, this amplitude can be close to the amplitude of variatioﬁ

of the soft (0.5 -— 10 keV) x-ray radiation. With p -~ 0.1 sec

and R -~ 1012
of the variation of the emission lines is only 0.1 — 1%.

em (the ecase of the source Cyg X1), the amplitude

Optical emission lines assoclated with the reprocessing of x-ray
radiation in the external regions of a disc composed of material
wcreated\by the relativistic object [L4] and also by gas Tlows in
the system can give a definite contributien to the optical -
vériability of. the systems.

Observations of the rapid optical varlabillty in emission
lines can clarify the mechanism for the reprocessing of x-ray
radiation. . We note that electron scattering makes a significant
contribution to the opacity of het stars, Therefore, a signifi-
cant fractlon of the x~ray radiatien 1ls . absorbed in a zone which
is optically thin to the emergent eptical gquanta. . Consequently,
the variable component of the optical radiation may be signifi-
cant even in spite of the fact that the‘optical luminosity of
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these'systems significantly exceeds the x~ray luminosity.

V. Effects of Reprocessing and Reflection of X-Ray Radiatlon

~in Specific Systems

A, The Her X1 = HZ Her System

The value found for the two-dimensional albedo (Table I)
permits drawing the conclusion that the reglon of fhe normal S /23
component surface nearest to the x~ray source reflects no more
than 30 — 40% of the energy incident on it. The remaining
60 — 70% of the energy of the hard x-ray radiation. is repro=cu
cessed into heat in the photospherie layers of the normal
components and emerges in the form of optical and ultraviolet
radiation with a Planckian spectrum. As a result, a bright hot
spot is formed on the optical component surface with an effec-
tive temperature ofﬁTQfQTJ?I?EEﬂ}Y where T, and F_ are the
effective temperature and energy flux from the star 1nter10r in
- the absence of an 1rradlat1ng x-ray flux, and ﬁ ] 0.6 is the
fraction. of the energy absorbed. As has been shown 1n.[7j and
confirmed by the present caleulations, the albedo of the
observed hard. x-ray radiation of Her X1 is completely sufficient
to provide the c¢bserved optical -variability of HZ Her, Since
F 2>FD, the maximum temperature of the photosphere is.equal to
4:ﬁ {E:?/g -.AﬂxL“&ggA, z.:;a%@ » i.e., upon adoption of the
system parameters [7] of.”-do/ ergs/sec and a distance fron\
the x-ray source to the Lagrange point of A, -35@064 , 1t can

even exceed the observed temperature. Herelgl is the Stefan-

Boltzmann constant.

a. 36-day periodicity of Her X1

Thus far, the nature of the variability of the x=ray source
Her X1 with a 36-day period has not been explained: radiation
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is observed at the Earth only during 12 days out of fthe 36. The
optical variabllity of HZ Her wlth the system period being P 5‘
Id, which is assoclated with the reprocessing of the x-ray
radiation of Her X1 in the normal component atmosphere, is
observed during the entire 36-day cycle and does.not . disappear
for 28 days [20]. Two alternatives exist:

1) the x-ray source ﬁfé@ésses‘with'a 36-day period 121 —
23] and illuminates the Earth 12 days out of. 36; the normal
star, which has enormous angular dimensions @,~ 0.6 steradians
when observed from the seurce, 'is illuminated to some. extent or S /248
other constantly at ‘36 days;

2) hard x-ray radiation with hv > 2 keV is periodically
switched on.[24, 25], but there is constantly operating a source
of soff X-ray radiation with hv- < 1 keV, which heats up the hot -
spot on the surface of HZ Her and maintains the optical vari- |
ability with the system period.[13, 8]. A decisive argument in
choosing between these two alternatives would be.the obsernvation
of hard-x-ray radiation with hv - iS‘uw 30 keV, 'In . case 1), the
intensity of the reflected {(observable during 24 days of the
36) x-ray flux should amount to‘apﬁroximately.lﬁ% of the maximum
level and vary with a period of P = 1?? (Figure 1), Pulses with
a period of P = 1,24 sec in the reflected flux should be sup=ioci:
pressed. Their amplitude should amount to approximately 10 F—
20% of the reflected signal level. 1In case 2), the hard x-ray
radiation should be absent during 24 days, the same as the
softer x-ray radiation with h v ~: 2 — 6 keV.

We note that it 1s possible to hope for the extraction of
a reflected signal for hv > 6 keV .against the primary fluxcback-—
ground. The strong (variable with the system perilod) polariza-
tion of the reflected radiation Tacilitates this extraction.
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The small amplitude of the short-period pulses permits hoping
for observations of the reflected signal between pulses of the
primary radiation. The powerful”Ka—line of iron may,’in principle,

be detected upon detailed spectral observations.

b.. Possibility of ‘the éxisténce of a $oft x-ray

. source in the system

The second possibility for explaining the 36-day cycle
discussed in the preceding sectien suggests the presence in
the HZ Her system of a soft x-ray source. It will be shown
below that such a possibility is highly'unlikely-—— the repro-
'cessing of soft x~ray radiation in the normal star atmosphere
cannot result in the optical phenomena observed in HZ Her.

We briefly recall these phenomena. UBV and spectral . /25
observation [6, 19, 26] show that the temperature of the
surface on the star hemisphere which is turned toward the x-ray
source drops off rapidly with distance .from the peint nearest
the x-ray source. Absorption lines corresponding to the spectral
‘classeg B2 —— A7 are observed [26]. This observation indicates
that the optieal radiation (formed as a result of -the reprocess-
ing of the energy of the x—ray f1uX):emerging from the star
photosphere passes through layers. lower in temperature than the
radiation temperature, i.e., the . x-ray radiation gets to a
significant depth in the atmosphere. As was shown in [71, the
reprocessing of the hard x-ray radiation of Her X1 explains
the observed properties of HZ Her. Can a soft. x~ray source of

such power result in these properties?

The agreemehtnof the spectral classes of HZ Her at
different phases, which were determined.independently according
to UBV [6] and spectroscopic observations [19, 28], indicatis\
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~conditions cloese to local thermodynamic eqﬁilibrium at each
point of this star photosphere. Therefore, the temperature in

the region in which the optical spectrum-is ﬁeprocéssed cannot

be greater than Te 1.6 “10u°'K;‘which“corresponds to the
earliest spectral class observed for. this star, namely, B2,

At such a-lowutemperature, the photoabsorption cress seetion of
X-ray quanta having 55 eV < hy <. 1 ker;sag;qgt?“ﬁﬁiﬁh'Eéﬁés_plqéﬁ
primarily by He I and He II ions and_also,those of carbon and
oxygen. Let us assume, in the atmosphere of HZ Her (M =

1.7 M, R = 2.5 " 1011 em) an exponential density distribution

W, = N’eo\ exp\[-(2/H)], where B x (KT R%/m GM) # 2.3 * 10% 7.7

/ e
ﬁ I ldV an\ Then at a depth w1th an optical thlckness based\on\

free-free absorption (which gives. the main contributlon to the
opacity at T_ ~ 1.6 104° K) of

FATLE é—5~w""Mf T HA o L (27)

the optical thlckness for photoabsorptlon is 80 even for quanta
with hv = 1 keV and is 2L6 ° 103 and 3 10”2 for ‘quanta with /26
hv = 250 eV and 50 eV, respectively. The free free absorptlon
coefficient has been taken here to be *ﬂs,»ro“m . au] [27]

The dénsityJ@f?qd%z in the zorie in which the emission spectrum

is formed is easlly estlmated‘from condition (27). Recombination
processes are effective at. suech a large density and low tempera-
ture, and the degree of ionization of the heavy elements and
helium cannot be sc high as to weaken the. photoabsorption of
x-ray quanta. Thus, soft x-ray radiation should be absorbed in

a region optically thin for free-free processes and cannot be
reprocessed into Planckian radiation. We recall that the optical
thickness for photoabsorption is comparable to the optical |
thickness for free-free processes (in the model under discussion)
for quanta with hv ~ 4 keV, but quanta with hv ~ 20 — 30 keV

make the main contribution to the energy flux in the observed
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X-ray spectrum of Her X1. We assume the other possibility,
namely, that the observed optical radiation is produced in a
high temperature regilon of the atmosphere which is optbically
thin for pure absorption [9] to be highly unlikely (where then
are the absorpfion lines formed?). -“In‘this case, the energy
requirements on the model sharply increase: an optically thin
hot plasma emits a small part of its energy in the optical
region. A significant part of the intensity of the optical
emission should be concentrated in emission lines, which 18 not

observed,

B. X-Ray Pulsars into Whose Directionality Diagram the
Earth Does Not Fall

The results of this article permit us to point out‘ﬁhe
possibility. of the exlstence of -a population of x-ray sources
which radiate weakly in the well-studied spectral region hv ~
2 — 6 keV and are bright at hv - 15 — 20 keV. These sources
should be characterized by a sinusocidal variability in timé_with
perlods typical for close bilnary systems. We suggested that: v

1) there exists a close binary system which includes a /27
a compact source of primary x-ray radlatlion and a .normal star
which fills its c¢ritical Roche Jlobe;

2) the narrow directional radiation of fhe primary.
source (a neutron star?) does not fall on the Earth, but due
to the large angular dimensions of -the normal component (]Qﬁ[
0.5 — 1 steradians), part of 1ts surface is continuélly

illuminated by the x-ray flux.

There 1is nothing unusual about these suggestions; the x-ray
pulsars Her X1 and Cen X3 are members of close binaryrsystems and
have rather narrow directional dilagrams. :There. should .exist
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directions in which they do not radiate.

a. Spectrum of. the reflected radiation

With a typical spectrum for the x-ray source EQ)&Y@V%hﬂ;ﬁﬂ
with kT ~ 20 — 40 keV, the spectrum of the reflected‘radiatioh
is similar to a Wien spectrumrwith a maximum at hv ~ 15 — 20 keV.
Subtle spectral effects associated with the K-jumps in the
photoabsorption cross section and. with the emission of Kd‘
quanta of iron, sulfur, and other elements are possible (see

Figure 2 and Section IVa).

b. Variability

It is possible to receive, on the Earth, x-ray radiation
reflected from the surface of the normal component. The rotation
of the binary system results in a variabllity of the reflected
x-ray flux with a period of tThe bilnary system and with an
amplitude strongly dependent on the orbit inélination. The
X=-ray brightness curves in:reflected light for a binary system
with i = 90°, 15°, and 0Q° (straightiline)iare shown in the upper
part of Figure la. The shape of these curves depends weakly on
the specific parameters of ‘the binary system if the normal -
component dimensions are close to the dimensions of the critical
Roche lobe. For comparison, the x-ray. brightness curve in

direct rays is illustrated for the case of i = 90°,

S G The source (Cyg X3

The curve in Figure la corresponding to 1 = 15° resembles
the ¥-ray brightness curve of the source Cyg X3 [28], which has
not been explained up to now. It is pessible that this source
is a binary system of the type being discussed. (We note that.
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the small orbltal inclination compllecates the detection of the
system optical variagblility,) Spectral pecullarltles (the flat
spectrum in the relatively soft hv'~ '3 — 6 keV .x-ray region)

of the source Cyg X3 could easily be explained. by the presence
in the system of an ionized soeotering'region,withuto ~ 0.3 (see
Sectlon IVb). The reflected radiation should be linearly polar-
ized at all observation phases, since the orbital inclination is-

small,

The primary pulses of the x-ray flux may be significantly‘
weakened in the reflected silgnal. When the recdeived signal is
deflected mainly ffom the high—temperature scattering layer of
large extent fapcf, the rapid variaofiiggmof the refleoted\ I
signal should be addltlonally weakened. in comparison with the
estimates of Section IVe due to the finite transit time of the
light through this zone. We recall that noticeable pulses
with characteristic times 0.1 % p £ 1 sec have not been observed

for this source [28].

No more than 30% of the incident energy in the 2 — 6 keV
region can be refiected from the normal component surface. Slnce
the luminosity of the primary source, barely exceeds L \m\1038 '
ergs/sec, then adopting kTXi#\BD kev; it 1s easy to show that the
system cannot be further away than 1.5 kpec in order to provide
the observed x-ray flux. Based on the observations of absorp-
tion in the A2l em line in the spectrum of a radio source which
floats\up near Cyg X3, the distance to.it is estimated to be
8 — 11 kpe [29]. If these two peculiar ebjects, namely the
radio source and the x-ray source, spatially coincide, the
estimate cited for the distance offers great difficulty to the
suggested interpretation of the x-ray brightness curve of Cyg X3.

The authors are greatful to Ya. B. Zel'dovieh, I. L.

Beygman, and A, M. Urnov for discussions.
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